Background -Canine allergen-specific IgE assays in the USA are not subjected to an independent laboratory reliability monitoring programme.
Introduction
Allergen-specific immunotherapy (ASIT) is frequently prescribed to aid in the management of canine atopic dermatitis (AD). 1 The formulation of the allergenic extract is customized for each dog based on allergen test results, history and aerobiology. 2 An intradermal test (IDT), serum allergen test (SAT) or both are performed to demonstrate allergen-specific immunoglobulin type E (IgE) directed against a panel of plant, fungi, mite, insect and epidermal antigens deemed to be important in the geographical region. 3 An IDT is usually performed by a clinician using a panel of antigens that they have customized for their location. Within the same geographical region, these panels vary substantially, as do testing methodologies employed by different clinicians. 4 In vitro IgE enzyme-linked immunosorbent assays (ELISAs) are offered by at least six commercial laboratories in the USA, operating without independent oversight of their quality control. 5 Each laboratory divides the USA into aerobiological zones and offers allergen-specific IgE tests for a standard panel of antigens for each zone. These laboratories differ in the number and identity of the antigens tested on standardized panels for a given geographical region. An antigen may be included as a mixture of phylogenetically related species by one laboratory, as individual species by a second laboratory, or not at all by a third.
Allergen-specific IgE levels are interpreted as elevated ('positive') if the optical density measured in the assay is above a cut-off level established by the laboratory. 6 'Positive' allergens are candidates for inclusion in ASIT extract mixtures. Some of the antigens to which elevated allergen-specific IgE levels are reported may be excluded from the ASIT prescription if they are judged to have caused a false-positive reaction, are cross-reactive with other antigens selected for inclusion, exceed the desired maximal number or are otherwise deemed to be clinically irrelevant based on the patient's history. based on these factors. Overall, the ASIT prescription for an atopic dog is influenced by the following factors: (i) the selection of allergens to be tested; (ii) the intralaboratory and interlaboratory reliability of the testing; and (iii) post-test interpretation and formulation. Each of these variables may affect the reproducibility of ASIT prescriptions for a given dog.
Despite the potential for variability, the factors that may influence the composition of an ASIT prescription have received relatively little attention, and a variety of allergen-selection methods may be evaluated together in a single ASIT study. 4, 8 A rigorous evaluation of the reliability of IDT has not been published. Unpublished studies have reported fair agreement of three investigators interpreting IDT reactions. 9 There is often poor agreement between results of IDT and SAT performed concurrently on the same dog. 6, 7, 10, 11 Early studies demonstrated poor reliability of SAT; however, the testing methodologies may have changed since those studies were carried out. 5, 7, 12, 13 Subsequently, Thom et al.
14 evaluated the reliability of three independent European allergen-specific IgE testing laboratories each using an Fce receptor ELISA methodology. 14 The authors reported a 3% intralaboratory discrepancy rate and a 9% interlaboratory discrepancy rate for the three laboratories, in terms of all positive and negative reactions. In another report, SAT results were compared between two laboratories that employ the same monoclonal antibody cocktail (mac) ELISA methodology and between one reference laboratory using macELISA methodology and another using the aforementioned Fce receptor ELISA methodology. 15 Serum was pooled from samples of known macELISA reactivity, and duplicate aliquots were submitted for each of the comparisons. A follow-up to this study reported on the performance characteristics of six laboratories using the macELISA. 16 Agreement of positive and negative reactions was presented as the percentage concordance, which exceeded 90% for interlaboratory comparisons. [14] [15] [16] An analysis of the degree to which these concordance rates differed from the agreement that would be expected by chance alone was not presented in these reports. The chance-corrected agreement is important, because tests that are usually negative can have a high intra-or interlaboratory unadjusted agreement rate but a low chance-corrected agreement rate.
The objective of the present study was to evaluate the agreement (unadjusted and chance corrected) of four commercial laboratories offering SAT in terms of the following factors: (i) diagnosis of positive or negative allergen-specific IgE reactivity; and (ii) ASIT treatment recommendations for dogs with atopic dermatitis.
Materials and methods

Animals
Client-owned dogs diagnosed with atopic dermatitis were eligible for enrolment in the prospective study. The diagnosis was established by confirming that each dog fulfilled at least five of eight clinical features of canine AD, as described by Favrot et al. 17 Differential diagnoses were ruled out as described by DeBoer and Hillier. 18 Dogs weighing <10 kg were excluded. A sample size of 10 dogs was set as the enrolment goal. Handling and storage of all samples was identical for each dog. Laboratory-supplied patient history forms were filled out in detail and submitted with the samples. These provided information about the dogs' seasonality of signs and their living conditions that might be taken into account by laboratory consultants when formulating ASIT. Serum samples were refrigerated for no longer than 72 h, and then shipped directly to the laboratories using laboratory-provided vials and mailers. The laboratories were left unaware of the occurrence of the study in order to simulate the day-to-day level of quality control that could be expected by primary care veterinarians. Standard, canine regional allergen-specific IgE panels were requested based upon the dogs' geographical location (southern Texas, USA). Regional panels included 61-63, 40, 48 and 48 allergens or allergen mixtures for Labs A, B, C and D, respectively. A total of 110 individual allergens or allergen mixtures were represented in the four panels (Tables 1 and S1 in Supplementary material). In some cases, there was variation in the spectrum of antigens evaluated by a single laboratory during the course of the study. The antigens evaluated by each laboratory are shown in Table S1 in Supplementary material.
Sample submission
Interpretation of semi-quantitative scores
Semi-quantitative allergen-specific IgE levels reported by the laboratories were interpreted according to each laboratory's ELISA absorbance unit (EAU) guidelines, when available. Detection of potentially significant allergen-specific IgE levels (interpreted as 'positive') was defined as greater than or equal to 175, 150 and 80 EAU for Labs A, C and D, respectively, in accordance with guidelines provided with each laboratory report. The results from Lab B were interpreted as positive for values greater than or equal to two on a proprietary, six-point ordinal scale (0-5), as previously reported. 13 Levels of allergen-specific IgE below these cut-off values were defined as 'negative' for the antigen.
Interassay agreement analysis
The agreement of positive and negative findings was analysed in two ways. First, antigens were evaluated separately (ungrouped), not attempting to correct for potentially insignificant differences between assays (e.g. testing a dust mite antigen mixture versus two individual mite species). In order to examine the extent to which subtle differences in regional panels affected our results, a second analysis was performed after grouping individual allergens that are of the same genus or are reported to be cross-reactive or co-sensitizing in dogs or humans (Tables 1 and S1 in Supplementary material). 7, 22, 23 In this analysis, a positive reaction to any of the grouped components was interpreted as the group being positive; for example, a positive reaction to either one of two tested dust mites by one laboratory and to a mixture of the two mites by another laboratory were treated as displaying agreement in the grouped analysis. 24 While this report does present both percentage agreement and chance-corrected kappa agreement, the kappa agreement statistic is most relevant for assessing interlaboratory consistency in this study. Light's kappa (the average of all pairwise kappas, also denoted by j in this text) was calculated for the overall pairwise agreement between all four laboratories for each dog. 25 For kappa calculations, only antigens or antigen groups common to each laboratory in the comparison could be included in the analyses. Two subsets of ungrouped antigens (plants and fungi in one subset and mites in the other) were also analysed separately for diagnostic agreement. 
Interassay diagnostic agreement
The overall diagnostic agreement across all dogs and all laboratories was 70% for ungrouped antigens (Figure 1 ), slightly higher than expected by chance (66%). When corrected for agreement by chance alone with the kappa statistic, the overall diagnostic agreement was slight (j = 0.14; Figure 1 ). The diagnostic agreement by dog ( Figure 2 ) and by laboratory pair (Figure 1 ) can also generally be characterized as slight for the majority of the agreement comparisons. Similar percentage agreement (58-82%) and kappa values (0.01-0.28) were obtained when the overall, by-laboratory pair and by-dog analyses were repeated with antigens grouped by taxonomy, cross-reactivity and co-sensitization (Figures S1 and S2 in Supplementary material).
The best chance-corrected agreement was found between Labs C and D (j = 0.36, fair). Nine of the 12 positive agreements between Labs C and D across the 10 dogs were for mites. Subset analysis of Labs C and D found 86% agreement (j = 0.13, slight) for ungrouped plants and fungi, and 87% agreement (j = 0.71, substantial) for ungrouped mites (Figure 3) . The j values can be characterized as slight or fair for all other between-laboratory comparisons of diagnostics on ungrouped antigens limited to either plants and fungi or mites (Figure 3 ).
Interlaboratory ASIT recommendation agreement
The overall ASIT recommendation percentage agreement across nine dogs and all laboratories was 72% for ungrouped allergens (Figure 4 ). This is only slightly higher percentage agreement than would be expected by chance (69%). The overall ASIT recommendation agreement as analysed with the kappa statistic was only slightly better than expected by chance (j = 0.11; Figure 4 ). Agreement percentage by dog ( Figure 5 ) and by laboratory pair (Figure 4 ) ranged from 62 to 87% for ungrouped antigens. The chance-corrected agreement of ASIT recommendations by dog and by laboratory pair was generally slight. Similar ranges of percentage agreement (59-83%) and chance-corrected agreement (j = 0.01À0.27) were found when the ASIT recommendations were analysed by antigen groups (Figures S3 and S4 in Supplementary material). The overall and by laboratory pair j values were very similar (AE0.02) when the analysis was repeated for all 10 dogs with the 10 positive reactions for dog 4 in Lab A's assay defined as 'recommended' (data not shown). The highest level of chance-corrected ASIT recommendation agreement was found between Labs C and D (Figure 4 ; j = 0.27, fair agreement).
Descriptive data
Among the six pairs of laboratory comparisons, the number of shared antigens available for interassay comparison of a pair ranged from 233 to 316 for ungrouped antigens, and from 239 to 335 for grouped antigens (ranging across all six pairs of laboratories and pooling data across the 10 dogs.)
The prevalence of positive reactions across all dogs for each laboratory ranged from 4.2 to 34% of antigens tested ( Table 2 ). The number of positive reactions per laboratory for each dog varied widely. Four of the 10 dogs (dogs 1, 5, 7 and 9) did not have any positive results reported by Lab C. None of these had received glucocorticoid therapy for at least 4 weeks before serum sampling. The same four dogs had a mean of 11 positive results per dog reported by the other three laboratories.
Forty-four allergens were assigned an ordinal score of '1' by Lab B for the 10 dogs (median, 4.5 per dog). Of these, three were recommended for immunotherapy by Lab B despite falling below the positive/negative cut-off value we defined as positive, in accordance with methodology previously reported by this laboratory. 13 All three of these antigen recommendations were made for a single dog (dog 8), which had the lowest number of positive reactions for Lab B amongst the 10 dogs ( Table 2 ).
The number of diagnostic and ASIT recommendation disagreements was very large compared with the number of positive agreements ( Figure 6 ). For the nine dogs for which all four laboratories provided treatment recommendations, 261 antigens were recommended for ASIT by the laboratories collectively. Of these antigens, 85.1% were recommended by one laboratory or another (without recommendation by a comparison laboratory), 11.5% by two laboratories, 3.1% by three laboratories and 0.4% by all four laboratories (the sum does not equal 100.0% due to rounding).
Discussion
Our results show that the agreement of four allergenspecific IgE assays, while considerable as measured by percentage agreement, is only slightly better than could be expected by chance. This counterintuitive result is possible when a high percentage of results are negative, as was the case in our study. The number of negative pairwise agreements and the number of disagreements greatly exceeded the number of positive agreements ( Figure 6 ).
Previous studies have measured the interlaboratory and interassay agreement of the allergen-specific IgE assays used by Labs C and D. [14] [15] [16] The concordance (percentage agreement) of positive/negative results exceeded 90%, leading the authors to conclude that the assay results were comparable, but the statistical methodology did not account for agreement that might have occurred by chance alone. In addition to the difference in statistical methodology, another possible explanation as to why our findings differed from those of Lee et al. 15 is a difference in the nature of the serum samples used in the respective studies. 15 Discordant allergen-specific IgE results are more likely to occur at levels close to those defined as the cutoff values for each assay. 15 In our study, aliquots of 10 individual blood samples from clinical patients diagnosed with atopic dermatitis were submitted to each laboratory. In an interassay comparison, 15 18 serum pools were prepared from individual samples with known macELISA allergen reactivity in order to generate a wide spectrum of reactivity, from negative to highly positive. 15 This may have reduced the prevalence of borderline allergen-specific IgE levels in comparison to those found in our individual serum samples.
Laboratory comparisons for indications with very high or very low prevalence can result in a high percentage agreement rate, merely by chance, while the chance-corrected agreement may be low. As a hypothetical example with features similar to those encountered in this study, suppose that Lab X and Lab Y analyse 100 allergens, agree negative on 80 allergens, agree positive on two allergens, have nine allergens positive for Lab X and negative for Lab Y, and nine allergens positive for Lab Y and negative for Lab X. For these data, the prevalence is a low 11%, the agreement rate is a high 82%, while the chance-corrected kappa agreement is a very low 0.08. Among the 20 allergens in this example where either or both laboratories yielded a positive result, there were only two allergens where the two laboratories agreed positive, which is clearly poor agreement. If Labs X and Y randomly and independently assigned allergens to positive or negative status in a manner to retain the 11% positive prevalence for each laboratory, the expected agreement would be 80%, which is not very different from the observed 82% agreement rate. The percentage agreement rate includes potentially random agreement, whereas kappa excludes it. It seems relevant to measure agreement as a correspondence between laboratories that goes beyond chance agreement, and that is the role of kappa. Thus, we report the chance-corrected agreement with the kappa statistic along with percentage agreement for four serum IgE assays and ensuing treatment recommendations.
The highest level of chance-corrected agreement occurred between Labs C and D. Labs C and D displayed substantial chance-corrected agreement (kappa) on diagnostic results for mite antigens, but only slight chancecorrected agreement for plant and fungal antigens. The reproducibility of SAT has previously been shown to differ amongst allergen groups. 5, 16 The interlaboratory coefficient of correlation was notably lower for fungal than for mite, grass, tree or weed allergens in a study comparing six European laboratories using the macELISA. 16 In order for two or more assays of allergen-specific IgE to display a high level of interassay agreement, each must have a high degree of intra-assay reproducibility. Whether the poor interassay agreement observed for the 10 dogs in this study was attributable to intra-assay or interassay variability was not determined. Laboratories offering SAT face significant technical challenges that may contribute to intra-assay variability. Potential pitfalls include nonspecific anti-IgE antibody binding, allergenic extract variability, nonspecific signal molecule activation and establishing clinically relevant cut-off values. 6 The assays evaluated in the present study use a variety of methodologies, employing different types of IgE detection methods and enzyme conjugates, each presenting unique technical challenges. As natural products, allergens may differ by source and by batch. This remains the greatest challenge to harmonizing different allergen-specific IgE assays in human medicine. 27 It was beyond the scope of the present study to investigate the numerous potential causes of the observed laboratory disagreement. Our findings emphasize the need for an independent, interlaboratory reliability monitoring programme for canine allergen-specific IgE assays, as has been previously proposed. 14, 15 Allergen-specific serum IgE assays are considered to be a valid means of identifying allergens for possible inclusion in ASIT extracts, based on the observation that ASIT produces a similar clinical benefit for canine AD whether based on SAT or IDT. 3, 7, [28] [29] [30] Although the laboratories evaluated in this report are located in the USA, Labs A and B process samples from outside the USA, and the assays used by Labs C and D are used in European laboratories. [14] [15] [16] Despite the widespread use of the assays and presumably the ASIT recommendations provided by companies marketing them, the reproducibility of ASIT prescription recommendations has not been evaluated. We found that the overall agreement of the laboratories' ASIT prescription recommendations is only slightly better than could be expected by chance. Our findings emphasize the importance of considering clinical factors beyond elevated allergen-specific IgE levels (e.g. likely allergen exposure) in formulating ASIT. 2 Lab C did not make ASIT recommendations for four of 10 dogs due to low levels of reactivity on the ALLER-CEPT â assay (Table 2) . These same dogs often had 10 or more positive reactions according to the other three assays. Overall, the VARL Liquid Gold assay resulted in the highest prevalence (34%) and the ALLERCEPT â assay the lowest prevalence (4.2%) of positive reactions across the 10 dogs. Whether this stark difference is due to allergen selection, false-positive reactions or falsenegative results is uncertain, but it would clearly influence ASIT recommendations and, perhaps, whether the dogs would be diagnosed with 'atopic-like dermatitis', without a demonstrable IgE response, rather than 'atopic dermatitis'. 31 The clinical implications of the poor prescription recommendation agreement on ASIT efficacy are uncertain, but our results suggest that the choice of serum IgE assay is not a trivial matter. It is possible that one laboratory's recommended prescription is consistently more efficacious than another's, but this is not necessarily the case. We did not evaluate the efficacy of the recommended ASIT prescriptions, nor intralaboratory reliability, which could influence the consistency of the recommendations by a single laboratory. Furthermore, while it is implicitly assumed in the term 'allergen-specific' that an optimal allergen formulation for each atopic dog exists, this may not be true. Evidence to the contrary is as follows: (i) some beneficial effects of immunotherapy are nonspecific; (ii) ASIT based on varying testing methodologies results in similar efficacy; and (iii) standardized immunotherapy mixtures and those customized based on allergen test results may be of similar efficacy. 3, 7, [28] [29] [30] [32] [33] [34] Robust studies are needed to compare the efficacy of ASIT based on different allergenic extract formulation methods.
There were substantial differences between the four laboratories in the allergens included in regional assays from the same geographical region, which is likely to have influenced the number of unique allergens recommended for immunotherapy. Our agreement analysis, however, was limited to the individual allergens (ungrouped analysis) or allergen groups (grouped analysis) common to both assays in each pairwise comparison. Cross-reactivity or co-sensitivity within allergen groups has been demonstrated in atopic dogs. 22, 35 In our study, the pairwise agreement results of phylogenetically related, cross-reactive or co-sensitizing grouped antigens were generally similar to those found for the ungrouped antigens; therefore, the poor agreement between laboratories did not appear to stem from the standard panels of the four laboratories incorporating different, but similar antigens. However, the allergen groupings we used in our analysis were based largely on data from humans, which may differ from their behaviour in dogs.
We evaluated the agreement of the results in binary terms (positive or negative reactivity), which may differ from the agreement of continuous EAU scales, when available. The cut-off levels established by each laboratory were used in our study to reflect the manner in which practising veterinarians most often differentiate positive from negative results.
14 Using different cut-off levels could have led to different levels of agreement. 15 A limitation of our study is that we relied on the treatment recommendations obtained from the laboratories without question, while in practice, the prescribing veterinarian is free to ignore or modify these recommendations. It is possible that veterinarians in practice do not rely heavily on the laboratories' treatment recommendations, but this is unlikely. Prescription recommendations are either provided routinely or upon request by all four of the laboratories evaluated.
The small number of dogs included in this study is another limitation. With a properly designed study including a larger number of dogs, one should be able to establish a more statistically rigorous inference for the general population of dogs and laboratories, including 95% confidence intervals for the j and agreement estimates. Although our study was limited to 10 dogs, the chancecorrected agreement was undesirably low for each of them. Agreement by dog was generally characterized only as slight for both grouped antigens and ungrouped antigens. This was true of both diagnostic and ASIT treatment recommendation agreement. The low level of between-laboratory agreement on 261 allergen treatment recommendations in nine dogs (compared with what would be expected merely by chance) is also striking. If the findings from the 10 dogs in our study are representative of a wider population of atopic dogs, it draws into question the comparability of these four allergen-specific IgE assays.
In summary, the chance-corrected agreement of four commercially available allergen-specific IgE assays was evaluated for 10 dogs with atopic dermatitis. The results show that the overall interassay agreement was only slightly better than expected by chance. No two laboratories displayed even moderate chance-corrected agreement (j > 0.40) with each other. The ASIT recommendations provided by the laboratories for nine dogs also displayed slight overall agreement. Eighty-five per cent of the 261 ASIT antigen recommendations for these nine dogs were unique to one laboratory or another. Further studies are required to determine the degree to which the choice of allergen testing laboratory impacts on the efficacy of ASIT.
Supporting Information
Additional Supporting Information may be found in the online version of this article. Figure S1 . Overall and by laboratory pair, grouped allergen diagnostic percentage agreement and chancecorrected agreement (kappa statistic) of elevated allergen-specific IgE in 10 dogs with atopic dermatitis. Light's kappa is presented for overall. Cohen's kappa is presented for laboratory comparisons. Figure S2 . By dog, grouped allergen diagnostic percentage agreement and chance-corrected agreement (Light's kappa statistic) of elevated allergen-specific IgE in 10 dogs with atopic dermatitis. Figure S3 . Overall and by laboratory pair, grouped allergen treatment recommendation percentage agreement and chance-corrected agreement (kappa statistic) in nine dogs with atopic dermatitis. Light's kappa is presented for overall. Cohen's kappa is presented for laboratory comparisons. Figure S4 . By dog, grouped allergen treatment recommendation percentage agreement and chance-corrected agreement (Light's kappa statistic) in nine dogs with atopic dermatitis. Table S1 . Antigens assayed by each of four laboratories in regional panels for 10 dogs from southern Texas, USA. 
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